We report a mode-locked ytterbium fiber laser that generates femtosecond pulses with energies as large as 2.2 nJ. This represents a 20-fold improvement in pulse energy compared with that of previously reported femtosecond Yb fiber lasers. The laser produces pulses as short as 52 fs, which are to our knowledge the shortest pulses to date from a Yb fiber laser. The laser is diode pumped by a wavelength-division multiplexing coupler, which leads to excellent stability.
Short-pulse fiber lasers offer a number of advantages compared with bulk solid-state lasers, including compact size and freedom from misalignment. Stretchedpulse f iber lasers 1, 2 offer the best performance reported to date: 100-fs pulses with energies as large as 2.7 nJ are generated by stretched-pulse erbium fiber lasers, although 1 nJ of energy is typically produced by diode-pumped versions.
Ytterbium has attracted much attention as a laser gain medium because it has a number of advantageous properties such as high quantum efficiency, absence of ground-state absorption and excited-state absorption, and a long upper-state lifetime. The efficiency and broad gain spectrum of Yb-doped fiber make it attractive for short-pulse operation, and the generation of 100-fs pulses from Yb fiber lasers has been reported. However, the maximum pulse energies are ϳ0.1 nJ . 3, 4 Despite the use of stretched-pulse techniques and double-clad gain fiber, the pulse energies obtained from Yb fiber lasers are an order of magnitude lower than those obtained with single-mode erbium and neodymium fiber lasers. Theoretically, Yb fiber lasers should be capable of larger energies than Er f iber lasers. Thus the potential of short-pulse Yb fiber lasers is so far unfulf illed.
Here we describe a mode-locked Yb fiber laser that produces femtosecond pulses with energies as high as 2.2 nJ. Pulses as short as 52 fs can also be generated. These are what we believe are the highest energies and the shortest pulses produced by a Yb fiber laser. The mode-locked operation is extremely stable in a standard laboratory environment.
A unidirectional ring cavity ( Fig. 1) is employed for self-starting operation. 5 We use a highly doped Yb f iber (23,600-parts-in-10 6 doping; N.A., 0.12; core diameter, 6 mm) that is 20 cm long. The Yb fiber is pumped at 980 nm by a laser diode that is capable of supplying as much as 500 mW of power into single-mode f iber (OPSL from Coherent, Inc.). The pump light is delivered to the gain fiber by a wavelength-division multiplexing coupler. Pairs of diffraction gratings compensate for the normal groupvelocity dispersion (GVD) of the f iber. Mode-locked operation is stabilized by nonlinear polarization evolution (NPE), which is implemented with either an in-line polarization controller or bulk wave plates. The output is taken directly from the NPE ejection port, 6 immediately after the f iber section. The laser generates positively chirped pulses, which are dechirped with a grating pair external to the cavity.
We started by constructing a laser with the gain placed at the end of the f iber section such that the amplified pulse propagates through the minimum length of fiber. This configuration reduces nonlinear effects, which impose a major limitation on the highest energy obtainable from fiber lasers. We varied the GVD of the cavity by adjusting the grating spacing.
Once mode locking was observed experimentally, we used numerical simulations to guide optimization of the laser. The oscillator was modeled to comprise three sections: A section of single-mode fiber is followed by a short gain section, and the f inal section is a dispersive segment corresponding to the grating pair. For increased computational speed, NPE and output coupling were modeled with a transfer function, the exact form of which was found not to be important; both monotonically saturating loss and sinusoidal dependence of transmittance on intensity were tried (we avoided overdriving the latter). Pulse propagation within each optical medium was modeled with an extended nonlinear Schrödinger equation that accounts for the effects of GVD, third-order dispersion, and Kerr nonlinearity with a Raman contribution, including gain for the Yb-doped fiber. All the parameters in the model were known from experiment. Gain in the Yb-doped f iber was modeled as saturating with total energy and has a parabolic frequency dependence with a bandwidth of 40 nm.
The quantitative agreement between calculated and measured laser performance with large anomalous GVD allowed us to optimize the laser efficiently. Starting from this point, numerical simulations revealed the expected trend of increasing maximum single-pulse energy with dispersion decreasing in magnitude to zero and then to increasing normal dispersion. The pulse duration and the time -bandwidth product, however, attained minima near zero dispersion. The spectrum and the temporal pulse shape diverged rapidly from a shape that resembles a Gaussian with increasing normal dispersion. The spectrum assumed a square shape, and a sinc-function temporal shape was obtained. This trend does not depend on the details of the model. Simulations provided good qualitative and quantitative agreement with all the experimental conf igurations that were tried. Consideration of dispersion and nonlinearity maps of the cavity, along with a saturating, finite-bandwidth gain, are sufficient for a qualitative description.
Power spectra and interferometric autocorrelations of the pulses generated from the laser with gain at the end of the fiber section are shown in Fig. 2 . The three horizontal parts of the figure correspond to net GVD values of 20.067, 20.038, and 20.021 ps 2 . With total fiber lengths of 1.4-2.8 m, the pulse repetition rate varied from 95 to 56 MHz. Directly from the NPE port, the pulse durations were 460, 210, and 120 fs for the GVD values of Fig. 2 . After dechirping, pulse durations of 300, 120, and 75 fs were measured. We could tune the center wavelength from 1020 to 1040 nm by translating an aperture in the Fourier plane between the gratings. The locations of the spectral sidebands agree well with estimates from the measured pulse duration and the calculated GVD. The sidebands diminished and the spectrum deviated from the sech shape with decreasing magnitude of GVD, as expected. A pulse energy of 0.5 nJ (before dechirping) was readily obtained with 300 mW of pump power.
With normal GVD, only Q-switched mode locking could be observed, even with the highest available pump power (500 mW). True mode-locked operation at normal GVD could be hindered by one of several factors: inadequate nonlinearity, an inadequate stretching ratio to support a dispersion-managed soliton with normal GVD, and a tendency toward Q-switched mode locking at higher repetition rates. All these effects are addressed by the addition of fiber after the gain medium, so a segment of single-mode fiber was spliced to the Yb f iber. The length of the f iber section was then 3.7 m, and the resultant repetition rate was 46 MHz.
The power spectra and autocorrelations produced by this laser with GVD close to zero are shown in Fig. 3 . The three horizontal parts of the f igure correspond to net GVD values of 20.008, 10.004, and 10.016 ps 2 . It is clear that for these GVD values the chirp is much larger than it is with large anomalous GVD. The measured pulse durations were 280 fs, 2.8 ps, and 3.6 ps directly from the laser and 71, 52, and 143 fs (assuming Gaussian pulse shapes) after dechirping. In stable operation a pulse energy of 2.2 nJ was obtained, which is 20 times higher than that reported with earlier Yb f iber lasers. After dechirping, 100-fs, 1.8-nJ pulses can be delivered. We verified single-pulse operation by monitoring (i) the pulse train with a fast detector and a sampling oscilloscope (nanosecond time scale), (ii) modulation on the spectrum (,10-ps range), and (iii) the long-range autocorrelation (,100-ps range). In addition, no continuous-wave lasing was present.
The dependence of the duration of the dechirped pulse and of the time -bandwidth product on the cavity GVD are shown in Fig. 4 along with the measurement of the shortest pulses that we have observed.
The intensities and phases of the shortest pulses were inferred by use of a pulse retrieval algorithm based on fitting the measured interferometric autocorrelation and spectrum. 7 The FWHM pulse duration was 52 fs. These are to our knowledge the shortest pulses produced by a Yb f iber laser. Applications such as amplification and harmonic generation would benefit from longer but cleaner pulses, which we obtained by adjusting the polarization settings [ Fig. 4(a), inset] .
All the laser conf igurations described above are self-starting. The f luctuations in pulse energy are ϳ0.1%, and mode-locked operation is stable for weeks. The key to stable operation is the delivery of diode pump light via a wavelength-division multiplexing coupler, and the presence of the free-space section (gratings, wave plates, and polarizer) apparently does not degrade the long-term stability of the laser. Of course, a truly environmentally stable laser will require polarization-maintaining f iber or the use of Faraday rotators.
In conclusion, we have demonstrated a mode-locked Yb fiber laser and studied its performance from soliton to stretched-pulse regimes. This laser generates shorter pulses, and an order-of-magnitude higher pulse energies, than previous Yb f iber lasers. We expect that it will f ind numerous applications.
